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may be attributed in part to the presence of the upstream bleed 
B1 and starting bleeds B4 and B6 at the lower operating 
speeds. However at 90% speed, even without these additional 
bleeds, the measured efficiency is 0.5% higher than the 
predicted value.  

A gradual decrease is observed in the measured stage 
efficiency with increasing operating speed. At 95% and 100% 
speed a rapid decrease in efficiency occurs in the measured 
and predicted efficiencies. The larger drop in the measured 
efficiency compared to the CFD predictions can be attributed 
to the significantly lower measured aspiration flow fractions 
(see Figure 8) than the design intent. This rapid decrease in the 
efficiency at 95% and 100% speed can be related to the 
significant changes in the flow behavior seen in the CFD 
calculation performed with design intent aspiration flow  
rates (Figure 7). At 100% speed the rotor tip flow shows a 
large region of low momentum fluid, and a similar region of 
low momentum flow is also present in the stator hub 

 

Figure 7: Rotor tip flow field (relative Mach number). 

 
Figure 8: Measured and calculated aspirated flow. 

 

 
region. Unstarting of the shock system in the presence of this 
low momentum flow is prevented solely due to the presence of 
aspiration downstream of the shock. At 95% speed, a significant 
reduction of this low momentum flow region and increase in 
diffusion in the rotor passage is seen, and there is also a 
reduction in the inlet relative Mach number. The aspiration is 
clearly seen to control the flow separation downstream of the 
shock. A similar improvement in the flowfield also occurs in the 
stator hub region. The result is an overall improvement in stage 
performance observed between 100%, 95%, and 90% of the 
design speed.  

Figure 6 also shows the calculated rotor efficiency along 
the low op line. The rotor efficiency is seen to be above 92% 
along the entire low op line decreasing to 90% at design speed 
(100%). This can be attributed primarily to the changes in the 
flow behavior seen in Figure 7. 
 . 
2) Bleed Sensitivity 

The sensitivity of the stage performance to bleed flow rates 
is discussed first in the context of the design aspiration require-
ment given in Table 3 followed by the effect of the additional 
starting and upstream bleeds. Figure 8 shows the measured and 
calculated aspiration flow rates, as fractions of the stage inlet 
corrected flow, along the low and high op lines. The variation  
in aspiration flow along a speedline at a fixed operating speed 
was found to be negligible. The rotor aspiration includes bleeds 
B2 and B3, and the stage aspiration includes, in addition to the 
rotor, bleeds B5 and B7 consistent with the CFD calculation. 
The upstream and starting bleed flow fractions are not included. 
The measured aspirated flow fraction is almost 30% lower than 
the flow fraction imposed in the CFD calculation. The dashed 
line indicates the design intent aspiration fractions of 2.5% for the 
rotor and 6.5% for the stage. At 100% speed, the measured rotor 
aspiration was 1.6% and total stage aspiration was only 3.5%, 
 

(a) 100% Speed 

(b) 95% Speed 
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Pitchwise Position (deg.) 



 
 
 
seen in the CFD profile, however the measured pressure rise 
from the leading edge to just downstream of the slot is in good 
agreement with CFD. The measured exit pressures at 85% and 
90% speed are also seen to be in excellent agreement with the 
predicted value. At 95% and 100% speed the measured value 
is lower than the CFD and is consistent with the overall 
performance discussed above. 

Figure 13b shows the mid-pitch static pressure rise along 
the stator casing. The measured pressure rise in the leading edge 
region is in good agreement with the CFD prediction. The 
passage shock position and pressure rise are in excellent agree-
ment at 85% speed. At 90% speed the measured passage shock is 
downstream of the CFD prediction, and moves forward at higher 
speeds. The measured exit pressure rise at 85% and 90% speed 

are in good agreement with CFD, and lower static pressure rise 
is measured at 95% and 100% speeds, consistent with the 
overall reduction in pressure ratio and mass flow of the stage at 
these speeds. At 100% speed, the stator hub and casing mid-
pitch static pressure rise coefficients are approximately 0.66. 
 
CONCLUSIONS AND RECOMMENDATIONS 

This program, comprising the design, analysis and test of a 
very high pressure ratio compressor stage enabled by aspiration, 
leads us to the following conclusions and recommendations: 
1. Removal of the low energy flow in the amount of a percent 

of the stage inlet mass flow per bleed location does in fact 
result in an increase in low-loss diffusion, such as to enable 
designs with approximately double the compressor work at 
a given tip speed. 

2. The CFD flowfield shows that aspiration fixes the passage 
shock position, particularly in the tip region. The agreement 
between the measured and predicted performance suggests 
that, along with enhancing the diffusion of the stage, 
aspiration is also effective in controlling the shock position 
and achieving a started shock system at operating speeds 
above 90%, which is necessary for achieving the desired 
inlet mass flow and pressure ratio. 

3. Although the stage design and aspiration were optimized 
for the design point, good performance was obtained at off-
design conditions. The measured throughflow efficiency of 
the stage was consistently higher than the CFD prediction 
on the low and high operating lines up to 90% of the design 
speed. 

4. The measured stage performance was found to be less 
sensitive to reduction in aspiration flow than predicted by 
the 3D CFD calculation. Performance close to the design 
intent, and in good agreement with the CFD predictions, 
was obtained at aspiration flow rates significantly lower 
than the design intent.  

5. The starting bleeds were required for stable operation only 
from 70% to 85% of the design speed. These were also 
necessary to recover from stall in addition to opening the 
throttle valve (the stage was not operated to stall above 85% 
speed).  The rotor exhibited a well-defined entry and 
recovery from stall once the starting bleeds were opened. 

6. The effects of aspiration are quantitatively represented in 
the computational quasi-3D design system in which the 
aspiration is modeled by a prescribed mass flux into the 
wall at the location of a flush slot or hole. The effect of 
aspiration can therefore be integrated into the blade design 
process. 

7. The quasi-3D design system can be used quite effectively to 
design blade shapes at high loading levels (with flow 
conditions extracted from a fully 3D viscous calculation). 
The independent design of the blade shapes and design 
features incorporated in the aspirated stage are an essential 
ingredient in achieving the high loading while maintaining 
good throughflow efficiency and minimizing the aspiration 
requirement. 
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The experimental investigation of an aspirated fan stage designed to achieve a pressure ratio of 3.4:1 at 1500 ft/sec is
presented in this paper. The low-energy viscous flow is aspirated from diffusion-limiting locations on the blades and
flowpath surfaces of the stage, enabling a very high pressure ratio to be achieved in a single stage. The fan stage
performance was mapped at various operating speeds from choke to stall in a compressor facility at fully simulated
engine conditions. The experimentally determined stage performance, in terms of pressure ratio and corresponding inlet
mass flow rate, was found to be in good agreement with the three-dimensional viscous computational prediction, and in
turn close to the design intent. Stage pressure ratios exceeding 3:1 were achieved at design speed, with an aspiration
flow fraction of 3.5 percent of the stage inlet mass flow. The experimental performance of the stage at various operating
conditions, including detailed flowfield measurements, are presented and discussed in the context of the computational
analyses. The sensitivity of the stage performance and operability to reduced aspiration flow rates at design and off-
design conditions are also discussed.
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